Critical Temperature And Superconducting Gap In A Model Of High-tc Superconductivity by Balseiro C.A. & Foglio M.E.
PHYSICAL REVIEW 8 VOLUME 40, NUMBER 13 1 NOVEMBER 1989
Critical temperature and superconducting gap in a model of high-T, superconductivity
C. A. Balseiro
M. E. Foglio
Instituto de Fisica Gleb 8'ataghin, Universidade Estadual de Campinas, 13081 Carinas, Sao Paulo, Brazil
(Received 6 April 1989; revised manuscript received 20 June 1989)
A pairing mechanism in which attractive intersite interaction arises from the highly correlated
electronic structure of the superconducting ceramics has been recently proposed by Balseiro and
collaborators. This model is studied here in the limit of infinite Coulomb repulsion (i.e., U ~)
by employing standard decoupling techniques of the relevant Green's functions. W'e derive the
critical temperature T, and the superconducting gap Eg as a function of the relevant parameters
of the model. The ratio Er/T, obtained is not a constant and is different from the universal value
of BCS superconductivity.
I. INTRODUCTION
Several pairing mechanisms have been already pro-
posed to explain high-T, superconductivity. Calculations
based on the electron-phonon interaction suggest that this
coupling is not sufficient to explain the high values of T,
observed. For this reason the resonating valence bond or
effective interactions mediated by spin fluctuations,
plasmons, or excitonlike excitations have been studied as
an alternative. Although there is not yet agreement as to
what the dominant interactions in these materials are, it is
now generally accepted that the superconductivity excita-
tions are conflned to the CuO planes which are a common
feature of the superconducting ceramics.
The experimental observation of antiferromagnetic
phases and spin fluctuations in these systems supports the
idea that the intra-atomic correlations are large, at least
in the Cu ions. The spectroscopic data also indicate large
values of the interatomic Coulomb interactions. Varma,
Schmitt-Rink, and Abrahams' have 6rst proposed that
the interatomic repulsion, between holes in neighboring
Cu and 0 ions plays an important role in the superconduc-
tivity of these compounds. Several authors ' have shown
that the interatomic repulsion together with the strong
intra-atomic correlations and the quasidegeneracy of the d
and p orbitals, naturally leads to a pairing mechanism in
the CuO planes. In this Brief Report we adopt this point
of view to describe the dynamics of the electrons in the
CuQ planes including both intra-atomic and interatomic
correlations. With standard decouplings within this mod-
el we are able to calculate the critical temperature and the
temperature dependence of the superconducting gap.
This paper is organized as follows: in Sec. II we present
the modeL Section III contains a mean-6eld approach to
obtain T, and the superconducting order parameter d,.
Results and conclusions are presented in Sec. IV.
II. THK MODEL
Our starting point is a model Hamiltonian which de-
scribes electrons in the CuO planes. We assume that only
the 3d„2 „~ orbitals of Cu and the p„,p& orbitals of Q are
important, and adopt a tight-binding scheme. The model
Hamiltonian reads
Z &r/ci&ja+ Z &ij cro'niW jr'' ~ (1)
i,j~CF i~j,d, o
where c;t creates an electron at Cu or 0 depending on the
site index, and n; c;~; The. e;~ describe both the on-
site energies 8g (8~) for Cu (0) and the nearest-neighbor
hopping t. The Uij give the on-site repulsions Ud and
U~, as well as the intersite repulsion G between nearest Cu
and 0.
The undoped La-Cu-0 and stoichiometric Y-Ba-Cu-0
correspond to the case of one electron per Cu 3d orbital
and two electrons per 0 2p orbital, and we shall assume
that the Hamiltonian parameters satisfy the following re-
lationships. All the Coulomb integrals in Eq. (I) are tak-
en to be rather large numbers satisfying the following se-
quence: Uz) U~ &G. A large Uq is suggested by the
large spin fluctuations observed in these compounds while
spectroscopic experiments seem to indicate a large intera-
tomic repulsion G. Regarding the diagonal terms, band-
structure calculations indicate effective quasidegeneracy
of the Cu 3d and 0 2p orbitals (sq+Ud-a~+ U~) which
implies large charge fluctuations in both Cu and 0 ions.
Employing the ideas of real-space renormalization, it is
possible to derive an approximate effective Hamiltonian.
The lattice is divided into cells containing one Cu and two0 atoms each, and we project out most of the states of this
cluster, leaving only the four states that we consider to be
the most relevant. These four states are described by two
new cell operators c;~ and in the limit of large Ud and U~
the effective Hamiltonian simpli6es into
+8C~C; + +Un;tn;1+ QGn;nj
i,o i &ij')
+t (C;tCj +CjtCi ), (2)(ij,cr
where nj njt+njl, i runs over the square lattice and (ij )
indicates nearest-neighbors pairs. For near degeneracy of
the original orbitals and large Ug, the intercell coupling G
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is negative. This attractive interaction between the
effective fermions is consistent with the positive binding
energy of a pair of holes that was obtained by exact diago-
nalization of finite clusters ' of the two-dimensional lat-
tice of Cu02. These numerical results lend support to the
use of the Hamiltonian (2) with G & 0 as a tentative mod-
el for high-T, superconductivity.
and
8(s) +(1-N )(ts-2zG) —p.
The wave vector k is hidden in the reduced energy s,
given by the structure factor
S(k) +exp( i—k b) .
III. SUPKRCONDUCTING STATE
The total number of cell electrons per spin is N, and its
dependence with p is given by the equation
The purpose of this section is to discuss superconduct-
ing properties of the Hamiltonian (2) when one considers
large on-site repulsion and nearest-neighbor attraction.
We shall neglect the double occupation at each site (i.e.,
take U~ ee), and it will then be convenient to rewrite the
Hamiltonian in terms of Hubbard-type operators, which
simplifies the notation and eliminates the U term. The
Hamiltonian is then given by
H-r gata. ..—GgX~, +,.—~~;..
3N -1—(1-N ) ds (s)s(s) (9)2TE(s)
Equations for the critical temperature that are very
similar to our Eq. (5) have been derived in a different con-
text. 4 5 A natural extension of the present work is to in-
clude interactions between adjacent planes, and in a previ-
ous work we have presented the values of T, for particu-
lar values of the interaction parameters.
The operators 8;~ create an electron at cell i with spin a.
They are not fermion operators: They anticommute at
different sites and satisfy the following product rules at
the same site
Bta;t. 8;~;t 0; a;ta; 8;t 8;t.
In Eq. (3) A; 8;tB;, b connects nearest-neighbor sites
in the same plane, and p is the chemical potential.
We decouple the equations of motion for the Green's
functions, obtaining
[co+p+2zG(1 —N )]&&8;;BE»
- b,,(1 —N.-)y2~+r(1 —N.-)g«8, +,.,ag. »
IV. RESULTS AND CONCLUSIONS
From Eq. (5) with b, 0 we obtain T„and for T & T,
the value of 6, . The gap is given by E~ 6, GSF, where
SF is the reduced energy s at the Fermi surface, and in all
cases Eq. (9) gives the value of p for each¹,T, and G.
To simplify the calculation we have employed a rectangu-
lar density of states p(s).
Rather than solving Eq. (5) for T„ it is easier to fix the
values of T, and N, calculate p by solving Eq. (9), and
+Gh g«B;+s —,'Bqt »,
[co —p —2zG (1 —N-) ] «8;t-;ajar »
- —r(1 —N )g«8' -a'»
8
(4a)
+G(~.-)'g«a;+,.a,'.». (4b)
Deriving Eqs. (4) we have assumed that there is no
magnetic order (i.e., (X; ) (X,-) N ) and kept only the
superconducting order parameter 5 {8;8;+s-). We
assume that 6 does not depend on b, i.e., we consider only
even (s-wave) pairing, and use z for the coordination
number. The approximate equations of motion (4) con-
tain the basic approximation of the present treatment, and
shall be used to derive the critical temperature T, and the
temperature dependence of the order parameter 5, .
Fourier transforming the Eqs. (4) in space we derive
the self-consistent equation that gives 5:
)d 2 tanh[E(s)]
E(s) -[8'(s)+b'G's'] ' '
5
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FIG. 1. The intersite eFective attraction 6 of the model
Hamiltonian lcf. Eq. (3)I vs the critical temperature T, for
several values of the number of electrons N per site per spin.
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FIG. 3. The energy gap Eg 4 GSF (cf. text) as a function of
T/T, for several values of N and for kT, /t 0.05. The ratio
Es/T, is given for the several curves.
FIG. 2. The critical temperature T, as a function of N at
several constant values of 6. All energies in units of the hopping
parameter t.
then obtain the value of G that corresponds to the given
Tge
In Fig. 1 we give the results of this type of calculation
(G vs T,) for several values of N . We are only interested
in N -0.5, and all the curves but one are for N ~ 0.4.
The curves G vs T, have a rather similar shape for
N & 0.48, and their height at a given T, increases with
N until it reaches a maximum between N 0.40 and
0.35. We only show the curve for N 0.25 below the
maximum. The increase of G with T, for N & 0.49 be-
comes rather pronounced when N approaches 0.5, as it is
apparent in Fig. 1.
The dependence of T, with G for rather small G is ap-
proximately given by T, -Aexp( —8/G) where both A
and 8 depend on P and on N .
From Fig. 1 one obtains T, vs N at constant G. This
graph is plotted in Fig. 2 and clearly shows that it is in the
interval (0.4, 0.5) of N that T, takes its maximum values
for a given attractive interaction G. The maximum of T,
is displaced towards smaller N when G increases.
In Fig. 3 the gap Eg as a function of the reduced tem-
perature T/T, is given for T, 0.05 and for several values
of N . The shape of these curves for other values of T, is
very similar, and as could be expected the smaller T, cor-
responds to smaller gaps at the same N . The ratio Es/T,
depends strongly on N, and for constant N it decreases
with T, for N 0.49, while it increases for N 0.40 and
0.30. This behavior is rather different from the universal
value of BCS superconductivity.
The effective Hamiltonian of Eq. (2) has already been
employed in the three-dimensional case to study the
heavy-fermion superconductivity ' and in the two-
dimensional case as a model for high-T, superconduc-
tors. In these works, all the correlations were treated in
the weak coupling limit. The approach we employ here is
adequate to treat the opposite limit for the intrasite
Coulomb repulsion: This correlation is treated exactly by
our method in the limit U~ eo by forbidding the double
occupancy at each site. Note that the decoupling approxi-
mation we employ to derive Eqs. (4) is essentially of the
mean-field type, and as such is quite limited in its ability
to treat the remaining correlations in this problem.
We have only considered the even (s-wave) pairing
phase, and we have not analyzed its stability with respect
to other superconducting or nonsuperconducting phases.
The Hamiltonian of Eq. (3) has similarities to the one em-
ployed by Gubernatis et al. ' to study a two-dimensional
lattice gas of spin-polarized fermions. In our case all the
sites are filled with electrons (maximum one per site) for
N 0.5 and no condensation is possible; also the attrac-
tive interaction in Eq. (3) does not favor a segregated
phase against the "disordered" phase. For N &0.5 the
condensed and segregated phases would compete with our
superconducting phase and with other types of ordering
(such as the "triplet pairing" discussed by Guberantis et
al. or the odd-symmetry superconducting phases).
ACKNOWLEDGMENTS
We would like to acknowledge the financial support of
the Sao Paulo State Research Foundation (FAPESP,
Brazil), that made possible the cooperation that resulted
in the present work. One of us (M.E.F.) would also like to
acknowledge financial help from the National Research
Council (CNPq, Brazil) and express his gratitude to the
Centro Atomico Bariloche (CNEA, Argentina) for the
hospitality received from that institution. The other au-
thor (C.A.B.) would like to thank the Instituto de Fisica
"Gleb Wataghin" (UNICAMP, Brazil) for the same
reason.
BRIEF REPORTS 9291
C. M. Varma, S. Schmitt-Rink, and F. Abrahams, Solid State
Commun. 62, 681 (1987).
C. A. Balseiro, A. G. Rojo, E. R. Gagliano, and B. R. Alascio,
Physica C 153-155, 1223 (1988); Phys. Rev. B 3$, 9315
(1988).
3J. E. Hirsch, S. Tang, F. Loh, Jr., and E. J. Scalapino, Phys.
Rev. Lett. 60, 1668 (1988).
4G. Baskaran, Z. Zou, and W. F. Anderson, Solid State Com-
mun. 63, 973 (1987).
5H. Fukuyama and K. Yosida, Jpn. J. Appl. Phys. 26, L371
(1987).
M. E. Foglio and C. A. Balseiro, in Progress in High Tempera-
ture Superconductivity, edited by R. Nicolsky, R. A. Barrio,
O. Ferreira de Lima, and R. Escudero (World Scientific,
Singapore, 1988), Vol. 9, p. 425.
7F. J. Ohkawa and H. Fukuyama, J. Phys. Soc. Jpn. 53, 4344
(1984).
K. Miyake, T. Matsuura, H. Jichu, and Y. Nagaoka, Frog.
Theor. Phys. 72, 1063 (1984).
R. Micnas, J. Ranninger, and S. Robaszkiewics, J. Phys. C 21,
L145 (1988).
' J. E. Gubernatis, D. J. Scalapino, R. L. Sugar, and W. D.
Tousaint, Phys. Rev. B 32, 103 (1985).
